Key Words pectin, cell walls, rhamnogalacturonan, borate diester, plant growth s Abstract Rhamnogalacturonan II (RG-II) is a structurally complex pectic polysaccharide that was first identified in 1978 as a quantitatively minor component of suspension-cultured sycamore cell walls. Subsequent studies have shown that RG-II is present in the primary walls of angiosperms, gymnosperms, lycophytes, and pteridophytes and that its glycosyl sequence is conserved in all vascular plants examined to date. This is remarkable because RG-II is composed of at least 12 different glycosyl residues linked together by more than 20 different glycosidic linkages. However, only a few of the genes and proteins required for RG-II biosynthesis have been identified. The demonstration that RG-II exists in primary walls as a dimer that is covalently crosslinked by a borate diester was a major advance in our understanding of the structure and function of this pectic polysaccharide. Dimer formation results in the cross-linking of the two homogalacturonan chains upon which the RG-II molecules are constructed and is required for the formation of a three-dimensional pectic network in muro. This network contributes to the mechanical properties of the primary wall and is required for normal plant growth and development. Indeed, changes in wall properties that result from decreased borate cross-linking of pectin may lead to many of the symptoms associated with boron deficiency in plants. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
INTRODUCTION
Most plant scientists now agree that "pectin is not just jelly" (99) and that pectic polysaccharides have a much more important biological role in plant growth and development than was previously appreciated. There is increasing evidence that pectic polysaccharides contribute to the mechanical strength and physical properties of primary walls (50, 51, 63, 121, 129a, 135) and that changes in the structures of these polysaccharides are associated with different developmental stages of plant cells and tissues (132) . Pectic polysaccharides are also a source of intercellular signaling molecules that function in plant morphogenesis and in plant defense against pathogens (97) .
Pectic polysaccharides are a group of polymers that all contain 1,4-linked α-D-galacturonic acid (GalA) residues (80). These polysaccharides are major components of the primary walls of gymnosperms and dicots. Pectic polysaccharides are also abundant in the primary walls of nongraminaceous monocots but account for much less of the primary wall in the poaceae (80). GalA is a component of the walls of charophytes, bryophytes, lycophytes, and pteridophytes (70, 89) , which suggests that pectic polysaccharides are distributed throughout the plant kingdom.
Homogalacturonan (HG), rhamnogalacturonan I (RG-I), and the substituted galacturonan referred to as rhamnogalacturonan II (RG-II) are the predominant pectic polysaccharides present in the primary cell walls of gymnosperms and angiosperms (80, 97) . These three polysaccharides are covalently linked to one another (97, 132) to form a pectic macromolecule, although their covalent arrangement is still a subject of debate (75, 97, 128) . Further covalent and noncovalent cross-linking of some glycosyl residues in this macromolecule forms a three-dimensional pectic network. For example, Ca 2+ forms ionic cross-links between some of the carboxylates of the GalA residues in HG whereas the methyl esterified GalA residues of HG may associate by hydrophobic interactions (50) .
111
Other, as yet unidentified, esters may also cross-link HG (8, 54, 76) . In the walls of the Chenopodiaceae some of the arabinosyl-and galactosyl-containing side chains of RG-I are esterified with ferulic and coumaric acid and may be cross-linked by oxidative coupling (41) .
The demonstration that RG-II exists predominantly as a dimer that is covalently cross-linked by a borate diester was a major advance in our understanding of the structure of the primary cell wall pectic network (43, 55, 65, 83) . Borate crosslinking of RG-II has the added effect of covalently cross-linking the two HG chains upon which the RG-II molecules are constructed (44) . The covalent cross-linking of RG-II and the Ca 2+ -dependent ionic cross-linking of HG will likely result in a stable three-dimensional pectic network in muro. This network coexists in the primary wall with a network composed of load-bearing cellulose microfibrils that are noncovalently cross-linked by xyloglucan (11, 12, 73) . A third network composed of structural glycoprotein may be present in some primary walls (13) . The interactions within and between each of these networks gives the wall its mechanical strength. These interactions must be modified to enable the wall to extend and thereby allow turgor-driven cell growth. Wall restructuring must also accommodate the incorporation of newly synthesized polysaccharides to prevent the extending wall from becoming so thin that it ruptures (12, 101) . Thus, processes that regulate primary wall assembly, organization, and restructuring will likely have a considerable impact on the growth and development of plant cells, tissues, and organs. Indeed, the Arabidopsis genome database contains more than 400 genes that may have roles in wall synthesis and restructuring (118) . This number will likely increase because few of the genes required for the biosynthesis of the noncellulosic polysaccharides have been identified (87) .
Here we provide an overview of the chemical structure of RG-II and of the recent refinements to the glycosyl sequence of this polysaccharide. We review the cross-linking of RG-II with borate and discuss our current understanding of the functions of borate cross-linked pectin in the growth and development of vascular plants. Other possible functions of boron in plants have been reviewed in earlier volumes of the Annual Review of Plant Biology (4) and elsewhere (9, 30) . We also briefly review the occurrence of borate cross-linked RG-II in wine and some of the implications these studies may have for human nutrition and health.
A NOTE ON NOMENCLATURE
RG-II (see Figure 1 ) belongs to a group of pectic polysaccharides referred to as substituted galacturonans (80). These polysaccharides all have a backbone composed of linear 1,4-linked α-D-GalpA residues. Thus, RG-II is not structurally related to RG-I because the RG-I backbone is composed of the repeating disaccharide →4)-α-D-GalpA-(1→2)-α-L-Rhap-(1→.
RG-II contains 12 different glycoses and it would be cumbersome if the IUB-IUPAC tentative rules (2-Carb-39.7) for carbohydrate nomenclature were adopted for naming this polysaccharide. This rule states that ". . .when the polysaccharide Figure 1 The glycosyl sequence of rhamnogalacturonan II (RG-II) showing some of the known variations in the glycosyl sequence of RG-II isolated from the walls of pteridophytes and lycophytes (70) and from the walls of the Arabidopsis mur1 (81, 96) and the tobacco nolac-H18 (49) mutants. The variation in the glycoses linked to the Arap residue (underlined) of side chain B is shown in greater detail in Figure 2 .
has a principal chain ('backbone') composed of only one type of sugar residue, this residue should be cited last (as a 'glycan' term), and the other types of residue cited as 'glyco-' prefixes in alphabetical order. . . ." Thus, plant scientists would be required to use the term "Apio-acero-arabino-fuco-galacto-galacturono-glucurono-lyxulosaro-mannulosono-methylfuco-methylxylo-rhamno-galacturonan." We follow Wittgenstein's aphorism that "the meaning of a word is its use" and employ "rhamnogalacturonan II" and "RG-II" throughout this review because these terms have become deeply entrenched in the vernacular and literature of plant cell wall research.
RG-II IN THE WALLS OF LAND PLANTS

Glycosyl Residue and Glycosyl-Linkage Compositions
RG-II was first identified in 1978 as a structurally complex yet quantitatively minor polysaccharide that is solubilized by endopolygalacturonase (EPG) treatment of suspension-cultured sycamore cell walls (14) . In a series of studies extending over thirteen years (74, 90, 107, 108, 110, 111, 140) EPG-released RG-II was a low molecular mass (5-10 KDa) polysaccharide that contains 12 different glycosyl residues linked together by more than 20 different glycosyl linkages (Figure 1 ). RG-II contains the rarely observed sugars D-apiose 
, and 2-keto-3-deoxy-D-manno-octulosonic acid (Kdo). 3-O-methyl rhamnose is present in the RG-II synthesized by some but not all pteridophytes and lycophytes (70) . This glycose has not been detected in any of the angiopserm RG-IIs analyzed to date. All RG-IIs, irrespective of plant source, contain GalA, D-glucuronic acid (GlcA), L-rhamnose (Rha), D-galactose (Gal), L-arabinose (Ara), and L-fucose (Fuc).
Occurrence in Angiosperms and Gymnosperms
There is a considerable body of evidence showing that RG-II is present, albeit in different amounts, in the walls of all gymnosperms and angiosperms. RG-II accounts for between 1% and 4% of the pectin-rich primary walls of dicots, nongraminaceous monocots, and gymnosperms, but for less than 0.1% of the pectinpoor primary walls of the poaceae (66, 80) .
RG-II has been isolated from the walls of red pine (Pinus densiflora) hypocotyls (105), Arabidopsis thaliana rosette leaves (81), apple fruit (17) , bamboo (Phyllostachys edulis) shoot (52), carrot tuber (17) , ginseng (Panax ginseng) leaf (106), grape berry (127) , lily pollen (67), pumpkin leaf (46) , red beet (Beta vulgaris L var conditiva) tubers (112), radish root (65), suspension-cultured Chenopodium album (24) , rice (120) , sycamore (14) , and tobacco cells (57) , sugar beet (Beta vulgaris) pulp (43) , and tomato fruit (17) .
The monosaccharides characteristic of RG-II (Api, AceA, 2Me-Fuc, 2Me-Xyl, Dha, and Kdo) have been detected in the cell walls of bean, cabbage, potato, Douglas fir, and maize (111) . Discernible amounts of Api, AceA, 2Me-Fuc, and 2Me-Xyl are also present in the walls of Zamia lodigessi (Cycadophyta), Ginkgo biloba (Ginkophyta), Ephedra (Gnetophyta), Eichhornia crassipes (water hyacinth), Opuntia microdiasys (prickly pear), Pachyphytum ovifarum (moonstone), Pistia stratiotes (water lettuce), and Welwitschia mirabilis (M.A. O'Neill & T. Ishii, unpublished results).
RG-II and HG are likely covalently linked to one another in the primary wall because they both have backbones composed of 1,4-linked α-D-GalA residues. Indeed, low molecular mass RG-II (5-10 KDa) in addition to RG-I and a mixture of partially methyl esterified oligogalacturonides are solubilized by treating primary walls with a homogeneous EPG (80). Additional evidence that RG-II is covalently linked to HG was obtained by characterizing the material that aqueous buffers solubilized from sugar beet (44), C. album (24) , and Arabidopsis (96) walls. These materials elute from size exclusion columns with a molecular mass >100 KDa and contain sugars characteristic of HG, RG-I, and RG-II. EPG treatment of this high molecular mass material generates low molecular mass RG-II (5-10 KDa) in addition to RG-I and a mixture of partially methyl esterified oligogalacturonides.
Occurrence in Pteridophytes, Lycophytes, and Bryophytes
RG-II accounts for between 0.2% and 2% of the walls of pteridophytes and lycophytes (70) , which is of a similar order of magnitude to the amounts of RG-II present in the primary walls of angiosperms and gymnosperms. The amounts of RG-II present in walls isolated from the sporophyte and gametophyte generations of the fern Cyrtomium falcatum are similar, suggesting that the RG-II content of pteridophyte walls is not likely dependent on the stage of their life cycle (70) .
RG-II has been isolated from the sporophyte walls of two club mosses (Lycopodium tristachyum and Selaginella kraussiana), four ferns (Ceratopteris thalictroides, Ceratopteris richardii, Platycerium bifurcatum, and Salvinia molesta), a horsetail (Equisetum hyemale), and a whisk fern (Psilotum nudum), and has been partially characterized (70 (70) . The walls of the fern Adiantum may also contain RG-II but this putative RG-II has not been structurally characterized (67) .
Bryophyte (mosses, liverworts, and hornworts) walls contain barely detectable amounts of Api, AceA, 2Me-Fuc, and 2Me-Xyl, although small amounts of a boron-containing polysaccharide that has the characteristics of RG-II are solubilized by Driselase treatment of bryophyte walls (70) . The boron content of these digests suggests that RG-II accounts for between 0.004% and 0.025% of bryophyte walls. Thus, bryophyte walls contain less than 1% of the amount of RG-II that is present in the walls of spore-and seed-bearing tracheophytes.
Chara walls reportedly contain small amounts of bound boron (109) but the nature of this association has not been determined (70) . The limited data available suggest that RG-II is not present in the walls of other green algae (2, 3, 18, 38) .
Localization of RG-II in Primary Walls
The lack of well-defined antibodies has limited the use of immunocytochemical methods to determine the location of RG-II in the primary wall. The two antibodies used to date, a recombinant antibody (CCRC-R1) and a rabbit polyclonal antibody, specifically bind RG-II, but the epitopes they recognize have not been characterized (69, 133) . Nevertheless, the results of localization studies using these antibodies suggest that RG-II is distributed throughout the primary wall and that regions of the wall that are close to the plasma membrane may be somewhat enriched with RG-II. Little if any RG-II is detected in the middle lamella (69) . Labeling of the primary walls by these antibodies is increased by alkali treatment of some but not all tissues, which suggests that the epitopes recognized by these antibodies are masked by esterification.
Several spectroscopic methods including electron energy loss spectroscopy (EELS), secondary ion mass spectrometry (SIMS), and neutron capture radiography (NCR) can locate boron in biological materials (16, 64, 119) , although none of these methods have yet been used to localize borate cross-linked RG-II in primary walls. Boric acid/borate binding sites have been located in the cell wall, in the cytoplasm, and in subcellular organelles using a fluorescein isothiocyante-boronic acid conjugate together with a gold-labeled FITC antibody (21) . However, there are no studies describing the reaction of the boronic acid conjugate with RG-II.
THE GLYCOSYL SEQUENCE OF RG-II
Angiosperms and Gymnosperms
There has been considerable progress in elucidating the glycosyl sequence of RG-II. The RG-II backbone contains at least eight 1,4-linked α-D-GalA residues (131) . Two structurally distinct oligosaccharides (A and B in Figure 1 Apif residue to O-2 of the backbone (74, 108) . The apiosyl residue is β-linked by 1 H NMR spectroscopic analysis of an oligosaccharide fragment (β-L-Rhap-(1→3 )-β-D-Apif-(1→5)-hex-I-enitol) generated by hex-5-enose degradation of per-Omethylated and carboxyl-reduced RG-II (90) . The hex-I-enitol is formed from a 4-linked GalA residue during the hex-5-enose degradation. Evidence confirming that the Api residue is β-linked and directly attached to O-2 of a backbone GalA residue was obtained by one-and two-dimensional 1 H NMR spectroscopic analysis of a undecaglycosyl-aldonic acid generated by enzymic fragmentation of NaBH 4 -reduced RG-II (126) .
The primary structure of side chain B was revised because one-and twodimensional 1 H and 13 C NMR studies showed that the aceryl acid residue is α-linked and that the galactosyl residue is β-linked (29, 126) . The sequence and anomeric configurations of the glycosyl residues in side chain A were reported (74, 111) . The terminal nonreducing Gal residue of side chain A (see Figure 1 ) has the L rather than the D configuration (96) . As far as we are aware RG-II is the only naturally occurring polysaccharide that contains both D-and L-Gal residues.
The Dha-and Kdo-containing disaccharides (C and D in Figure 1 ) are attached to O-3 of the backbone (90, 110, 126, 140 (122) . The Dha residue is likely β-linked in RG-II because its H-3 ax and H-3 eq protons differ by between 0.40 ppm and 0.44 ppm (90, 126) . The Kdo residue may be α-linked because its H-3 ax and H-3 eq protons differ by between 0.19 ppm and 0.28 ppm (100), although additional studies are required to confirm this assignment because the H-3 ax and H-3 eq signals are very broad.
The results of several independent studies suggest that an α-L-Araf residue is linked to O-3 of one of the GalA residues in the RG-II backbone (74, 100, 120) . However, it is not known whether this Araf is linked to the terminal GalpA residue of the backbone or whether it is linked to O-3 of a 4-linked or to O-3 of a 2,4-linked GalpA residue.
Some evidence for the locations of side chains B, C, and D on the backbone with respect to each other (see Figure 1 ) was obtained by structurally characterizing a undecaglycosyl-aldonic acid generated by enzymic fragmentation of NaBH 4 -reduced RG-II (126) . The backbone of this oligosaccharide is composed of a pentagalacturonosyl-galactonic acid
. The 3-linked-L-galactonic forms when the 4-linked GalA at the reducing end of the RG-II backbone is reduced with NaBH 4 . A complete assignment of the 1 H NMR spectra of the undecaglycosyl-aldonic acid established that side chain B is located four residues in from the reducing end of RG-II whereas side chain D is most likely located five residues in from the reducing end (see Figure 1 ). Side chain C is located on one of the 4-linked GalpA residues between side chain B and the reducing end of RG-II (126).
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The locations of the four side chains along the backbone were investigated by NMR spectroscopic of intact RG-II (35, 88, 100). Such studies are technically challenging because of the difficulty in correctly assigning all of the 1 H and 13 C signals corresponding to the backbone GalA residues and to the Api, Kdo, and Dha residues that directly attach to the backbone. The determination of the threedimensional conformation of RG-II (35, 88, 100) is also a formidable task because of our incomplete knowledge of the primary sequence of RG-II. Thus, additional chemical and spectroscopic data are required to assess the validity of the models depicting the conformation of RG-II (88, 100) . Nevertheless, such models do provide a basis for further studies of the relationship between the conformational dynamics of RG-II and its chemical and biological properties.
Pteridophytes and Lycophytes
RG-II has been isolated from the sporophyte walls of two lycophytes (L. tristachyum and S. kraussiana) and six pteridophytes (C. thalictroides, C. richardii, P. bifurcatum, S. molesta, E. hyemale, and P. nudum), and has been partially characterized (70) . The RG-IIs from these spore-bearing vascular plants and the RG-II of angiopserms have remarkably similar glycosyl residue and glycosyl-linkage compositions. Indeed, all of the glycoses present in angiosperm RG-II are present in the RG-II synthesized by pteridophytes (70).
3-O-methyl rhamnose is a component of the RG-IIs isolated from L. tristachyum, C. thalictroides, C. richardii, P. bifurcatum, S. molesta, and P. nudum (70) . This glycose is present as a terminal residue that is located on side chain B ( Figure 2 ). The presence of 3Me-Rha is not diagnostic for pteridophyte RG-II because this glycose is not present in the RG-II synthesized by E. hyemale and S. kraussiana (70) . Bryophyte walls contain significant amounts of 3Me-Rha (89), but these wall contain barely detectable amounts of RG-II (70). (70) . The biological significance, if any, of these structural differences remains to be determined. The possibility that they result from differences in the procedures used to isolate and characterize the RG-II cannot be discounted.
Structural Variation in Side Chain
PROPERTIES OF BORATE CROSS-LINKED OF RG-II
A early symptom of boron deficiency in flowering plants is the formation of primary walls that have abnormal morphology and mechanical properties (9, 10, 23, 30, 39, 61) . These results suggest that there is a relationship between boron and primary wall pectic polysaccharides because the Poaceae, whose primary walls contain quantitatively small amounts of pectin, have a much lower boron requirement than the dicotyledons and nongraminaceous monocotyledons (39, 66, 138 ). It's now known that a plants' boron requirements are correlated with the amounts of pectin present in the primary wall (39, 66) .
A structural basis for the relationship between boron and primary wall pectin was provided by the demonstration that most of the wall-bound boron is present as a tetravalent 1:2 borate-diol ester that cross-links two molecules of RG-II ( Figure 3A ) (55, 65) . Subsequent studies confirmed that borate cross-links two chains of RG-II to form a dimer in the primary walls of angiosperms and gymnosperms (43, 52, 83, 105, 127) , lycophytes, and pteridophytes (70) . Thus, borate cross-linking of RG-II appeared early in land plant evolution and will likely have a fundamental structural role in the primary wall.
Two of the Apiosyl Residues are Cross-Linked by Borate
Borate esters form most readily with monosaccharides that have the β-D-erythrofuranose configuration (72) . The only component of RG-II with this configuration is apiose. The apiosyl residues are 3 -linked in the RG-II monomer but in the dimer at least 30% of these residues are 2,3,3 -linked, indicating that O-2 and O-3 of two of the four 3 -linked apiosyl residue in a RG-II dimer are cross-linked by borate (83, 84). 13 C NMR spectroscopic studies have established that borate esters do form at O-2 and O-3 of apiose when methyl-β-D-apiose reacts with borate (48) . The 13 C NMR spectrum of the RG-II dimer is too complex to determine the location of the borate diester. Thus, a chemical method was developed to determine which two of the four apiosyl residues are cross-linked (47) . Rha-(1→3 )-apiitol derivatives selectively labeled with O-methyl and O-acetyl groups were chemically generated from the per-O-methylated RG-II dimer ( (47) . There is no evidence for cross-linking the Api residues in side chain B. Such results suggest that two molecules of RG-II are cross-linked by a single borate diester, consistent with reports that the RG-II dimer contains one boron atom (43, 52, 83, 84) . However, other authors reported that the RG-II dimer contains two boron atoms (66) . Presumably, such a dimer-if it exists-would contain two borate diesters, one that cross-links the Api residue of each side chain A and a second that cross-links the Api residue of each side chain B. The formation of a borate ester cross-link between two apiosyl residues results in a boron atom that is chiral. Thus, two diasteroisomers (bis [3- Figure 3B ). The existence of these diastereoisomers has been confirmed by 13 C NMR spectroscopic analyses of the products formed when methyl β-D-apiose reacts with borate (48) . However, the 13 C signals corresponding to the R and S forms could not be specifically assigned (48) .
Factors that Regulate Borate Cross-Link Formation
Some factors involved in the interconversion of the RG-II dimer and monomer have been investigated using in vitro studies. For example, the dimer is converted to the monomer and boric acid at pH 1 within minutes because borate-diol esters are hydrolyzed at low pH (55, 83) . The RG-II dimer is formed in vitro between pH 3 and 4 by reacting the monomer with boric acid (83). Dimer formation at low pH is likely facilitated by the anionic nature of RG-II because virtually no diester is formed when methyl β-D-apiofuranoside reacts with borate at pH < 5 (48). RG-II dimer formation is much more rapid in the presence of divalent cations (Sr   2+   , Ba   2+ , and Pb 2+ ) with ionic radii >1.1 A (47, 83). These "large" cations are somewhat more effective at promoting dimer formation in vitro than Ca 2+ ions (47, 83) . However, calcium ions may stabilize the RG-II dimer in muro (24, 56, 67) .
Loomis & Durst (61) hypothesized that the pH-dependent cleavage and reformation of the borate diester that cross-links apiosyl residues enable wall polymers to slide past one another during auxin-induced cell wall expansion. However, it is unlikely that auxin-induced wall acidification will generate pH values that are sufficiently low (pH < 3) to cleave the borate ester that cross-links RG-II (47, 83) .
Little is known about how the structural complexity of RG-II contributes to its biological function. However, evidence suggests that the structural integrity of portions of the RG-II molecule are essential for normal borate cross-link formation. For example, the RG-II synthesized by the Arabidopsis mur1 mutant contains LGal rather than L-Fuc residues (96) . The mur1 RG-II forms a dimer less rapidly and once formed the dimer is less stable than its wild-type counterpart (81). Monomeric RG-II that lacks the α-L-Galp-(1→2)-β-D-GlcpA-(1→ portion of side chain A also forms a dimer less readily than its wild-type counterpart (49) . In contrast, the presence of 3Me-Rha residues on side chain B of pteridophyte RG-II have no discernible effect of dimer formation in vitro (70) .
RG-II's ability to form a dimer but not a trimer or a larger complex in muro and in vitro (47, 83) suggests that RG-II's chemical structure and conformation are major factors that regulate its interaction with borate. Several possible threedimensional structures for RG-II were suggested on the basis of computer-aided modeling procedures and NMR spectroscopy and atomic force microscopy (35, 88, 100). These studies predicted that RG-II is a flat disc-shaped molecule and that side chain A is much less flexible than side chain B. The 2,3-linked α-L-Arap residue present in side chain B may exist in a equilibrium between a 1 C 4 and a boat-like chair configuration and thus may exhibit conformational flexibility (29) . This difference in side chain flexibility may allow the borate ester to form between the apiosyl residue in each side chain A and prevent cross-linking of the apiosyl residues in side chain B. Nevertheless, the effect of this motion on the properties of RG-II are not understood. The number of conformations that RG-II can adopt may be limited by the steric crowding that results from the presence of four oligosaccharides attached to a octagalacturonide backbone (88) .
BORATE CROSS-LINKING OF RG-II IN PLANT GROWTH AND DEVELOPMENT
Studies with Boron-Deficient Plants
The tissues of boron-deficient plants are often brittle and contain cells that do not expand normally (9, 15, 30, 61) . These symptoms may be a direct result of changes in the mechanical properties of the cell wall that result from a decrease in borate cross-linking of pectin.
Direct evidence that changes in the mechanical properties of the wall results from reduced cross-linking of RG-II was obtained using plant tissue and suspension-cultured cells. For example, the walls of growing boron-deficient Chenopodium album cells have a larger size-exclusion limit (SEL) (∼6 nm) than the walls (∼3.5 nm) of cells grown with normal amounts of boron (25) . The walls of the boron-deficient cells contain monomeric RG-II but no borate cross-linked RG-II dimer (24) . The wall SEL returned to near normal values and ∼50% of the RG-II was converted to the dimer within 10 minutes of adding physiological amounts of boric acid to the boron-deficient cells. Reduced cross-linking of RG-II is accompanied by the formation of swollen walls in boron-deficient suspension-cultured tobacco cells (68) . Boron deficiency in pumpkin plants results in a substantial reduction in growth ( Figure 5A ) and is accompanied by cell wall thickening ( Figure  5B ) and a decrease in borate cross-linking of RG-II (46) . Supplying borate to the boron-deficient pumpkin plants restores normal growth, reduces wall thickening, and increases the amount of RG-II cross-linking to normal levels. These results provide strong evidence that borate ester cross-linking of pectin may influence plant growth by controlling the SEL and mechanical properties of the primary wall.
Germanium reportedly delays the symptoms of boron deficiency in plants and substitutes for boron in suspension-cultured carrot cells (61) . However, germanate does not rescue the growth of boron-deficient pumpkin plants. Virtually no germanate cross-linked RG-II dimer was detected even though germanate accumulated in the leaf cell walls (45) . Dimeric RG-II-Ge reportedly forms when monomeric RG-II reacts with germanic acid in vitro (57) . This dimer is much less stable than its borate cross-linked counterpart (45, 57) , which may account for the inability of Ge to rescue the growth of boron-deficient pumpkin plants.
There is increasing evidence that boron and calcium act synergistically when forming the primary wall pectic network and that changes in the properties of this network affect plant growth (24, 67) . For example, acidic buffers (pH 4.7) containing 100 µM Ca 2+ cause irreversible tissue damage and stop the growth of Arabidopsis roots (59) . The low pH-induced damage is prevented and the roots continue to grow when the Ca 2+ concentration is increased to 200 µM or when boric acid (100 µM) is added to the growth medium. The low pH treatment is suggested to disrupt the calcium-and borate-dependent cross-linking of pectin in the root cell primary walls. This suggestion is consistent with the results of studies showing that treating plant tissues and cells with low pH buffers and calcium chelators results in an increase in the SEL of the walls (22) . The SEL of a primary wall is determined in large part by calcium-dependent borate cross-linking of pectin (24, 25) .
Borate-and calcium-dependent cross-linking of pectin is reportedly required for normal growth of pollen tubes (37) . The walls at the growing tip of these tubes are composed predominantly of pectic polysaccharides including RG-II (36, 67, 69) . The pollen tubes of many plants swell or burst (61) and the distribution of wall polysaccharides may change (139) without an adequate supply of boron. In vitro studies have shown that the average growth rates of Lilium pollen tubes that are in their oscillatory growth phase are reduced by increasing the concentrations of borate and Ca 2+ in the growth medium (37) . A high concentration (16 mM) of borate alone also increased the period and amplitude of these growth rate oscillations. We suggest that borate and Ca 2+ cross-linking of pectin affects the mechanical properties of the pollen cell wall and thereby influences the rate at which the pollen tube can grow. In addition, we hypothesize that increasing the concentrations of borate and Ca 2+ results in a more rigid wall and that the rigidity of this wall reduces pollen tube growth rates (37) . The growth of suspension-cultured tobacco cells also reportedly decreases in the presence of physiologically high (20 mM) concentrations of borate (28) . This treatment also results in cells that have thinner walls than cells grown in physiological concentrations (100 µM) of borate. Tobacco cells that had been adapted to grow in 20 mM borate are morphologically distinct from their nonadapted counterparts. The adapted cells are elongated rather than spherical and also grow as detached cells rather than as clumps of cells (28) . Thus, the results of experiments in which plant cells are treated with high and potentially toxic concentrations of borate (>10 mM) should be interpreted with caution because such treatments may result in numerous ill-defined physiological effects.
A family of cell-wall associated receptor-like kinases (WAKS) were identified in Arabidopsis (34, 58, 130) . These proteins, which are located in the plasma membrane, have a cytosolic kinase domain and an extracellular N-terminal domain that interacts with components of the cell wall. One of these components is believed to be a pectic polysaccharide because WAKs are solubilized by treating rosette leaves with a homogeneous tomato endopolygalacturonase. The solubilized WAKs react with two monoclonal antibodies (JIM5 and JIM7) that recognize partially methyl esterified homogalacturonan (130). Plants expressing antisense WAK genes exhibit reduced growth, which suggests that the interaction between WAKs and pectin is required for normal cell expansion (130). The levels of actin and tubulin in Arabidopsis and maize, but not zucchini, root apices increase within minutes of the removal of borate from the growth medium (141, 143) . This treatment also reportedly inhibits endocytosis of HG and borate cross-linked RG-II in root apical meristematic cells of maize and wheat but not of zucchini and alfalfa (142) . More data are required to establish that pectin is indeed linked to the cytoskeleton via membrane-localized kinases and to determine whether such interactions in addition to borate cross-linking of pectin allow the cell to perceive and respond to the mechanical status of the primary wall.
Mutations that Affect RG-II Structure and Cross-Linking
Many investigations of boron's function in plants have used plants grown with suboptimal amounts of borate. The results of such studies are often ambiguous because the primary and secondary effects of boron deficiency are difficult to distinguish (15) . Thus, the availability of mutant plants that synthesize RG-II with altered structure and plants that require increased amounts of boron for their normal growth has provided a unique opportunity to investigate the biological role(s) of boron in the cell wall.
Arabidopsis plants carrying the mur1 mutation are dwarfed ( Figure 5C ) and have brittle stems (93) . The aerial portions of these plants contain less than 2% of the amount of L-fucose (6-deoxy-L-galactose) present in wild-type plants (94) Approximately 50% of the RG-II in the rosette leaves of mur1 plants is crosslinked by borate, whereas at least 95% of the RG-II is cross-linked in wild-type plants (81). In vitro studies showed that mur1 RG-II formed a dimer less readily and the dimer once formed was less stable than its wild-type counterpart (81). Such a result suggested that the dwarf phenotype and brittle tissue of mur1 plants was a consequence of reduced cross-linking of RG-II. This hypothesis was confirmed by the demonstration that spraying mur1 plants with aqueous borate rescues their growth ( Figure 5C ) and also results in an increase in the extent of borate cross-linking of RG-II. Borate treatment also restores the tensile strength of mur1 hypocotyls and inflorescence stems to near normal values (104) . The tensile strength of primary walls is not solely dependent on borate cross-linking of RG-II because studies with the galactose-deficient mur3 mutant have shown that xyloglucan cross-linking of cellulose also contributes to the mechanical strength of walls (104) . Additional studies are required to determine the extent to which other wall components including calcium cross-linked pectin and structural glycoproteins contribute to wall strength. Nevertheless, Ryden et al.'s studies (104) Taken together these results provide additional support for the notion that borate cross-linking of RG-II contributes to the mechanical strength of the wall and that changes in wall properties affect plant growth (24, 81) .
The growth of mur1 plants is also rescued by exogenous L-fuc treatment (81, 93). The L-Fuc-treated mur1 plants synthesize RG-II that contains L-Fuc and 2-O-Me L-Fuc residues (81). Thus, the rate of dimer formation, the stability of the cross-link dimer, and the borate requirement of the L-Fuc-treated mur1 plants are comparable to wild-type plants (81). Root growth of mur1 seedlings was reportedly rescued by treatment with L-Fuc but not with borate (123) . These results led the authors to suggest that the presence of L-Fuc residues on arabinogalactan is required for normal root growth. The absence of fucosyl residues in xyloglucan (144) is not responsible for the dwarf phenotype of mur1 plants because Arabidopsis mur2 and FUT1 plants, which are deficient in a xyloglucan-specific fucosyltransferase, synthesize xyloglucan that contains little or no L-Fuc but grow normally under laboratory conditions (86, 124) . Similarly, the absence of L-Fuc residues in the N-linked complex glycan side chains of glycoproteins synthesized by mur1 plants (92) is also unlikely to result in the dwarf phenotype because an Arabidopsis mutant (cgl1), which synthesizes glycoproteins that lack L-Fuc, grows normally (129) .
A second gene (GMD1) that encodes for GDP-mannose 4,6-dehydratase and that is expressed in roots, pollen grains, and stipules was identified in Arabidopsis (5) . mur1 plants have a mutation in the second gene (GMD2) that encodes for GDP-mannose 4,6-dehydratase (6) . The existence of GMD1 is consistent with the demonstration that the amount of L-Fuc is only reduced by ∼40% in mur1 root tissue (93, 94) . The presence of L-Fuc in these tissues has been confirmed using immunocytochemical studies with a monoclonal antibody (CCRC-M1) that recognizes fucosylated xyloglucan (26) . However, the glycosyl residue composition and the extent of borate cross-linking of mur1 root RG-II have not been determined. The two genes encoding for Kdo-8-P synthase in Arabidopsis are also reportedly expressed in a tissue-specific manner (71) . AtKdsA1 is expressed in shoot tissue whereas AtKdsA2 is expressed in roots. Such results are consistent with the suggestion that the biosynthesis of primary wall polysaccharides is controlled both by the glycosyl transferases that assemble the polymers and by the availability of activated nucleotide sugars (26) .
Altered RG-II structure is reportedly responsible for reduced cellular attachment and shoot development in the nolac-H18 tobacco callus mutant (49) . The RG-II isolated from the walls of this mutant lacks the α-L-Galp-(1→2)-β-D-GlcpA-(1→ portion of side chain A (see Figure 1) . Approximately 50% of the RG-II in the mutant walls is present as the monomer whereas the dimer accounts for >95% of wild-type walls. In vitro studies confirmed that the monomeric RG-II from nolac-H18 forms a dimer much less readily than wild-type RG-II. Transformation of nolac-H18 with 35S::NpGUT1 complemented the nonorganogenic and cellular attachment phenotypes. This transformation also restored the cells' ability to synthesize RG-II that contained GlcA and increased the extent of borate crosslinking to normal levels. Such a result provides strong evidence that the NpGUT1 gene does encode a glucuronosyltranferase and that the α-L-Galp-(1→2)-β-DGlcpA-(1→ portion of side chain A is required for normal borate cross-linking.
Plants carrying the bor1 mutation are extremely dwarfed (79, 116) (see Figure 5D ). BOR1 is a membrane-bound efflux-type transporter protein that mediates borate export from the pericycle cells into the root stelar apoplasm (115) . The presence of this protein is particularly important when the amount of boron available to the plant is low. Plants carrying the bor1 mutation cannot generate a sufficiently high concentration of borate in their xylem sap for transport to the shoot tissues to prevent boron deficiency from occurring. Wild-type and bor1 RG-II have comparable glycosyl residue compositions. However ∼60% of the RG-II in the rosette leaf cell walls of bor1 plants is present as the monomer (78, 82) . Borate treatment rescues the growth of bor1 plants ( Figure 5D ), and the extent of RG-II cross-linking in their walls is comparable to that of wild-type plants (82). Thus, reduced cross-linking of RG-II is likely responsible for the dwarf phenotype of bor1 plants, although the possibility cannot be discounted that in bor1 plants boron also functions in an as yet unidentified manner.
BIOSYNTHESIS OF RG-II
The biosynthesis of RG-II will likely require at least 22 glycosyltransferases. These enzymes alone may account for up to half of the glycosyltransferases required for the synthesis of primary wall pectin (97) . None of the glycosyltransferases, Omethyl, and O-acetyl transferases required for the synthesis of RG-II have been isolated and purified to homogeneity. To date only one gene (NpGUT1) encoding a glycosyltransferase that is involved in RG-II synthesis has been identified (49). As described above, it is likely that NpGUT1 encodes a glucuronosyltransferase that transfers GlcA from UDP-GlcA to O-4 of the fucosyl residue in side chain A. Sequences with ∼90% identity with NpGUT1 are present in the genomic databases of Arabidopsis (ATGUT1, At5g61840) and rice (OsGUT1, OSJNBa0095J15.1). No Arabidopsis or rice plants that carry mutations in these genes have yet been identified.
The activated forms of ten glycosyl residues (UDP-
UDP-L-Rhap, and UDP-D-Xylp) present in RG-II will likely be enzymically formed from pre-existing nucleotide sugars (95, 117) . The activated form of AceA has not been identified, although some clues have begun to emerge from studies of activated monosaccharide synthesis in microorganisms (33) . For example, streptose (5-deoxy-3-C-formyl-L-lyxo-furanose), which is a component of the antibiotic streptomycin, is structurally related to AceA Homologs to AXS1 were also identified in other dicots including alfalfa, Brassica campestris, cotton, iceplant, Lotus japonicus, poplar, potato, soybean, and tomato and in monocots that include maize, rice, sorghum, and wheat (74a). AXS1 is expressed in all Arabidopsis tissues as is a second gene (AXS2 [At1g08200]) that encodes a protein with 96% sequence identity to ASX1. Thus, it is likely that Arabidopsis has at least two UDP-D-apiose/UDP-D-xylose synthases. Indeed, the axs1 knockout mutant of Arabidopsis has no visble phenotype (74a) and presumably synthesizes normal amounts of apiose. As far as we are aware no Arabidopsis plants carrying mutations in both genes (a double mutant axs1/axs2) have been identified. Such plants may have a severe phenotype or fail to grow at all because the inability to synthesize UDP-D-Apif will likely prevent the attachment of side chains A and B to the HG backbone of RG-II (see Figure 1 ) and thereby preclude borate cross-linking of the polysaccharide.
CMP-Kdo, the activated form of Kdo, is not formed from a pre-existing nucleotide sugar, but is generated from phosphoenol pyruvate (PEP) and D-Ara-5-phosphate (Ara-5-P). The condensation of PEP and D-Ara-5-P is catalyzed by Kdo-8-P synthase (32) . This enzyme exists in plants (19) and at least two genes (At1g16340 and At1g79500) that encode for Kdo-8-P synthases are present in the Arabidopsis genomic database. Full-length cDNA corresponding to one of these genes (At1g79500) has been expressed in E. coli and the recombinant protein (AtKdsA1) shown to generate Kdo from PEP and Ara-5-P (71). Semi-quantitative RT-PCR analyses suggests that AtkdsA1 is expressed in shoot tissues whereas AtKdsA2 (At1g16340) is expressed predominantly in the root (71) . cDNAs encoding Kdo-8-P synthase were isolated from pea (7) and tomato (15a) and functionally complement a thermosensitive Kdo-deficient mutant of Salmonella enterica. Semi-quantitative RT-PCR analyses showed that the tomato Kdo-8-P synthase (LekdsA) transcripts accumulate during cell division in developing fruits and in hypocotyls (15a). Kdo-8-P synthase-specific activity is higher in tomato cells that are dividing rather than expanding. Kdo-8-P synthase gene expression is also associated with mitosis in synchronized suspension-cultured tobacco cells, although similar amounts of Kdo-8-P are formed by these cells irrespective of their growth phase (15a) . The lack of correlation between gene expression and product formation results from differences in the rate of conversion of Kdo to CMP-Kdo (15a). Nevertheless, the possibility that tobacco cells have cell cycle-independent genes that encode for additional Kdo-8-P synthases cannot be discounted.
Studies with bacteria have shown that Kdo-8-P is dephosphorylated prior to its reaction with CTP (136). CMP-Kdo is then formed from Kdo and CTP in a reaction catalyzed by CMP-Kdo synthase (32) . These reactions have not been demonstrated to occur in plants; however, a maize homolog of bacterial CMPKdo synthase has been identified (102) , and genes that encode putative CMP-Kdo synthases have been identified in Arabidopsis (At1g53000), in other land plants (103) , and in green algae (1) . As far as we are aware there are no reports of the effect that mutations in the genes that encode Kdo-8-P and CMP-Kdo synthases have on plant growth or the glycosyl sequence of RG-II.
Dha (2-keto-3-deoxy D-lyxo-heptulosaric acid) and Kdo (2-keto-3-deoxy Dmanno-octulosonic acid) are structurally related and thus may have similar biosynthetic origins. Dha is also structurally related to the 7 carbon glycose 2-keto-3-deoxy D-arabino-heptulosonic acid-7-P (DAH-7-P) that is the precursor of the aromatic amino acids in plants and microorganisms (20) . DAH-7-P is formed from PEP and D-erythrose-4-P in a reaction catalyzed by DAH-7-P synthase. DAH-7-P synthase also condenses PEP with other substrates to form a range of 2-Keto-3-deoxy sugars. For example, spinach DAH-7-P synthase condenses D-threose and PEP. The absolute configuration of the product was not established, although it will likely be 2-keto-3-deoxy D-lyxo-heptulosonic acid, which is a potential precursor of Dha (20) .
The biochemical characterization of the enzymes responsible for the synthesis of RG-II is a formidable task. No methods have yet been developed to determine the activities of many of these enzymes because of the lack of availability of several nucleotide sugars including UDP-D-Api, UDP-L-Ara, UDP-L-Rha, NDP-AceA, and CMP-D-Kdo. Generating chemically well-defined acceptor substrates is also challenging because the order in which the glycosyl residues are added to the RG-II backbone is not known. Thus, further progress in understanding the biosynthesis of RG-II will likely depend on developments in molecular biology and bioinformatics that have provided numerous powerful methods for identifying genes and proteins that are involved in the biosynthesis of other polysaccharides (87) .
RG-II, BORON, AND PLANT EVOLUTION
Many of the morphological and biochemical changes that allowed plants to adapt to life on land have been documented (31, 77, 134) , although little is known about the changes that occurred in primary wall structure and function during the evolution of land plants (89) .
The first land plants to colonize the land ∼480 million years ago (mya) were related to extant bryophytes (53, 91) . These plants subsequently gave rise to the first vascular plants. Angiosperms appeared ∼140 mya and then rapidly diversified during the mid-Cretaceous period (53, 134) . Flowering plants now dominate the terrestrial environment, accounting for at least 80% of extant land plants.
The glycosyl sequence of RG-II remains essentially unchanged in all spore-and seed-bearing tracheophytes that have been examined to date (70) . The selection pressures that have maintained this structure in taxonomically diverse plants are not known. However, studies with the Arabidopsis mur1 mutant (81) and the nolac-H18 mutant of tobacco (49) have shown that a seemingly small change in the structure of RG-II can dramatically reduce its ability to form a borate crosslinked dimer and that these structurally changes adversely affect plant growth and development. Thus, an absolute requirement for boron in normal wall structure and function may be one of the selection pressures that has maintained the structure of RG-II essentially unchanged in taxonomically diverse plants.
The ability to form supporting and conducting tissues that contain cells with lignified walls was a major innovation in the evolution of vascular plants from their bryophyte-like ancestors (77, 134) . Thus, the fact that boron deficiency often results in the abnormal development of xylem and phloem cells and reduced lignification (15) suggests that boron had a role in the evolution of vascular plants. Lewis (60) hypothesized that boron was required for lignin biosynthesis and xylem differentiation, although there is little evidence that boron has a primary role in either of these processes. In contrast, Lovatt (62) proposed that growing shoot tissue cells acquired a requirement for boron after vascular tissue had evolved because the existence of conducting tissues allowed boron to be transported to and accumulate in aerial organs. However, the presence of small amounts of a RG-II-like polysaccharide in bryophyte walls indicates that borate cross-linked RG-II predates the evolution of lignified vascular tissue (70) . Nevertheless, there is at least tenfold more RG-II in the walls of lycophytes and pteridophytes, suggesting that the amount of RG-II incorporated into the primary cell wall increased during the evolution of vascular plants from their bryophyte-like ancestors. Interestingly, the strength and failure strain of pedicels from the Arabidopsis mur1 mutant is half that of wild type, which suggests that borate cross-linking of RG-II contributes to the mechanical strength of tissues in which cells contain secondary walls (104) . Thus, the acquisition of a boron-dependent growth habit and borate cross-linking of RG-II may correlate with the ability of vascular plants to maintain extensive upright growth and to form lignified secondary walls.
RG-II must have originated in an ancestor common to the tracheophytes because it is unlikely that a structurally identical borate cross-linked polysaccharide would have evolved independently in the Lycopsids, Filicopsids, Equisetopsids, Psilopsids, gymnosperms, and angiosperms. A putative RG-II was identified in the walls of bryophytes but this polysaccharide has not been isolated and structurally characterized (70) . The cell surface scales of Tetraselmis striata and Scherffelia dubia (flagellate prasinophycean algae) contain polysaccharides composed of Kdo and GalA and lesser amounts of 5-O-methyl Kdo, Dha, Gal, Ara, and gulose, although there is no evidence that the Prasinophycea algae synthesize RG-II (2, 3). The Prasinophycea are the ancestral group from which other green algae and embryophytes evolved (1-3) . Thus, the ability to synthesize Kdo-and Dhacontaining polysaccharides appeared early in plant evolution (103) . Nevertheless, it is not known whether RG-II is present in the walls of Chara, the closest living relative of land plants (52a), or other members of the Charophycea. Additional insight into the function and evolutionary origin of RG-II in land plants will require identifying all the genes responsible for the biosynthesis of angiosperm RG-II and the availability of the complete genomic sequences of nonvascular land plants including Physcomitrella and Chara. The paucity of data currently available on the structures of the polymers that are present in the walls of charophytes and in the walls of different bryophyte and tracheophyte groups is an impediment to understanding the changes in wall composition, architecture, and function that have occurred during the evolution of land plants.
THE OCCURRENCE OF RG-II IN WINE
Many readers may be surprised to learn that RG-II is one of the major polysaccharide components of wine and other beverages obtained by fermentation of fruits and vegetables (17, 84) . A liter of red wine typically contains between 100 and 150 mg of RG-II; less (∼20 mg) RG-II is present in a liter of white wine (85). The amounts of RG-II in these wines differ because red wine is produced by fermenting crushed grape berries that are comprised of cell walls and juice. The RG-II is released from the walls by the action of the microbial glycanases during the fermentation process. White wine is produced using only the grape juice, which contains little of the cell wall.
Wine has become the material of choice in many studies where large amounts of RG-II are required because gram quantities of RG-II are readily obtained using a small number of purification steps (84). The glycosyl residue and glycosyl-linkage compositions of wine RG-II and sycamore RG-II are similar, which suggests that RG-II is largely resistant to the action of microbial enzymes (84). RG-II exists in wine predominantly as the borate cross-linked dimer because wine contains boric acid and has a pH between 3.0 and 3.5, a pH known to favor dimer formation (85). RG-II and other polysaccharides present in wine may interact ionically and electrostatically with other components and affect the processing of wine (125) and the aggregation of grape seed tannins (98) . The RG-II in wine is a nucleation center for the formation of potassium hydrogen tartrate (KHT) crystals (27) . Crystal formation reduces the "consumer value" of a wine even though it does not alter the quality of the wine. RG-II at low concentrations (<50 mg L −1 ) accelerates KHT crystal formation, but at higher concentrations (>50 mg L −1 ) the polysaccharide inhibits KHT formation. RG-II is far less effective at preventing KHT formation than carboxymethyl cellulose. However, many countries prohibit the use of this cellulose derivative as a wine stabilizer because it is believed to alter the organoleptic properties of the wine (27) .
Many wines contain trace amounts of heavy metals including lead, barium, and strontium. Most of these heavy metals are complexed with the RG-II dimer (85). This is not surprising because the dimer has been shown to have a high affinity for Pb 2+ , Sr 2+ , and Ba 2+ (47, 83) . These metals remain complexed to RG-II in the intestine and are unlikely to be absorped into the blood stream, at least in rats (114) . Feeding the RG-II dimer to rats reportedly causes a decrease in the intestinal absorption and tissue accumulation of lead (113) . However, the dimer did not increase the amount of Pb 2+ in the feces and urine of rats treated with chronic levels of lead (1 mg lead acetate per 50 g body wt), suggesting that RG-II may have little therapeutic value for lead detoxification (114) .
CONCLUDING REMARKS
Recent advances in our knowledge of the primary structure of RG-II combined with studies in molecular biology and plant nutrition and the availability of mutant plants have begun to provide insight into the relationship between the structure and biological functions of this cell wall pectic polysaccharide. We believe that the conserved glycosyl sequence of RG-II in taxonomincally diverse plants and the appearance of borate cross-linked RG-II early in the evolution of land plants indicate that this polysaccharide has a fundamental structural role in the wall of land plants. Nevertheless, these studies have generated as many new questions as they have provided answers. Is the structural complexity of RG-II solely required to regulate its interaction with borate and cross-link primary wall pectin, or does RG-II have other, as yet unidentified, functions? Is the interaction of RG-II with borate the "driving force" that has maintained identical RG-II structure across a broad spectrum of plants? Virtually nothing is known about RG-II metabolism during cell growth and during processes such as fruit ripening. Is the borate crosslink metabolically dynamic or does the cross-link provide a stable framework upon which the restructuring of other wall components can occur?
It is likely that the complete glycosyl sequence of RG-II will be known with certainty within a few years. Such information is required to obtain a realistic threedimensional structure of the borate cross-linked dimer and to generate dynamic models of the interaction of RG-II with borate and with other wall polysaccharides. Similarly, progress in understanding the biosynthesis of RG-II requires a complete description of RG-II primary structure, particularly the order of the side chains along the backbone. A typical dicotyledon primary wall will contain one RG-II molecule per 50 GalA residues in a HG chain, on average. What are the factors that determine where the RG-II molecule will assemble on a HG chain? How many RG-II molecules are on a HG chain and are they distributed evenly along these chains? We do not know whether the RG-II molecule is synthesized by the sequential transfer of monosaccharides onto homogalacturonan or possibly whether the oligosaccharides side chains are assembled and then transferred to the HG backbone. Does borate ester cross-linking occur during the synthesis of RG-II in the Golgi or is the cross-link formed when the molecule is secreted into the periplasmic space or when it is incorporated into the primary wall?
Future studies will no doubt furnish answers to many of these and other questions and will provide additional insight into the structures and functions of plant primary cell walls. 
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